Abstract. Condition monitoring and fault diagnosis via vibration signal processing play an important role to avoid serious accidents. Aiming at the complexity of multiple faults in a rotor-bearing system and drawback, the characteristic frequency of relevant fault could not be determined effectively with traditional method. The Spectral Kurtosis (SK) is useful for the bearing fault detection. Nevertheless, the simulation of experiment in this paper shows that the SK is unable to identify multi-fault of rotor-bearing system fully when different faults excite different resonance frequencies. A new multi-fault detection method based on EEMD and spectral kurtosis (SK) is proposed in order to overcoming the shortcoming. The proposed method is applied to multi-faults of rotor imbalance and faulty bearings. The superiority of the proposed method based on spectral kurtosis (SK) and EEMD is demonstrated in extracting fault characteristic information of rotating machinery.
Introduction
Rotating machinery is widely used for energy transformation and power transmission in industry. Rolling-element bearings are among the most common components of rotating machinery used for transformation of energy. The malfunctions of the bearing rotating system are mostly caused by the rotor and the bearing faults due to harsh operation conditions, which cause unexpected downtime and economic loss [1, 2] . Fault detection and diagnosis in rotor-bearing system based on vibration signal analysis is one of the principal tools [3] . The multi-fault diagnosis of rotor-bearing system is a difficult problem because the weaker fault signal is often buried in the other sources of vibration or background noise in the vibration signal [4, 5] .
For condition monitoring of rotor bearing system, the vibration signals associated to damaged bearing typically produce an impulsive signature. In such case, the Spectral Kurtosis (SK) is useful by calculating Kurtosis value across different frequency bands [6] . The Spectral Kurtosis (SK) is developed by Dwyer [7] . Using the SK, it is possible to extract the part of the signal with the highest level of impulsiveness, enhancing the bearing fault signal from the raw data. The SK has been already applied successfully by many researchers in rotating machinery condition monitoring and fault diagnosis [8] [9] [10] . SK was directly applied to the bearing fault detection in induction motors in [8] . Professor Chu introduced the application of SK algorithm in the compound faults detection that happened in the gear and the rolling bearing of a gearbox simultaneously [9] . The kurtogram has now also been used for feature extraction of bearing in the presence of bearing faults [10] .
Vibration signal of rotating machinery are facing to non-stationary characteristics when mechanical transmission system emerges fault. Empirical mode decomposition (EMD) has been proved an innovative and powerful approach for dealing with nonlinear and non-stationary signal [11] . Any complex information can be adaptively decomposed into a number of individual, nearly mono-component signals, named as intrinsic mode functions (IMFs). EMD has been introduced for the analysis of nonlinear and non-stationary signals of rotating machinery fault detection [12] [13] [14] . In order to solve the mode mixing problem that the EMD method may encounter, the ensemble EMD (EEMD) was proposed to improve the drawbacks [15] . EEMD is a noise-assisted data analysis method, and to restrain the mode mixing problem of EMD by adding white noise to the initial data. Admittedly, EEMD method is a great breakthrough in the development of EMD algorithm evidently [16, 17] .
In this paper, we propose a new method with combining the advantages of EEMD and SK for rotor bearing system multi-fault diagnosis. It can solve the challenging task of rotor bearing system multi-fault information and extract the different fault value. The rest of this paper is organized as follows. Section 2 presents a brief description of SK technique and EEMD algorithm, as well as the procedure of multi-fault detection based on EEMD and SK. Section 3 shows the resulting benefits by means of experimental tests using the proposed method. The conclusion is given in the final section.
Theoretical background and proposed method

Spectra kurtosis calculation
Kurtosis is a statistical parameter, the fourth order cumulant of random variables. The value of kurtosis is normally used in detecting the degree of impulsiveness in fault bearings from vibration data. Kurtosis is defined as [18] :
where is the sampled time signal, is the sample index, is the number of samples, ̅ is sample mean. The bearing fault features in the vibration data are often buried by strong background noise. The value of Kurtosis from real domain may be unable to reflect the peak of the faulty signal. The SK is defined as the Kurtosis in the spectral domain. It is devoted at finding the optimal frequency and bandwidth for recovering the demodulated impulsive signal that is mixed in the raw vibration waveform. The spectral kurtosis at each frequency can be obtained by Eq. (2):
where 〈. 〉 is the time-frequency averaging operator. 〈 ( , )〉 and 〈 ( , )〉 represents the fourth-order and the second-order cumulants respectively of signal ( ) at frequency point.
The definition of EEMD
To solve the problem of mode mixing, EEMD is introduced based on the statistical properties of white noise. The EEMD algorithm can be given as follows [15] :
(1) Given ( ) is an original signal, add a random white noise signal ( ) to ( ):
where ( ) is the noise-added signal, = 1, 2, 3,..., , and is the number of trials.
(2) Decompose ( ) into a series of intrinsic mode functions (IMFs) , utilizing EMD as follows:
where , denotes the ith IMF of the th trial, denotes the residue of th trial and is the IMFs number of the th trial.
(3) If < , then repeat steps (3) and (4) 
(5) ( = 1, 2, 3, ..., ) is the ensemble mean of corresponding IMF of the decompositions.
Procedure of multi-fault detection based on EEMD and SK
To impose a high demand for reliability on the feature extraction of the rotor bearing system running state, Application of EEMD analysis method can be used to decompose different frequency bands and eliminate the interference signal. For the low frequency components of EEMD decomposition, the rotor failure can be analysed directly. For the high frequency demodulation components of EEMD decomposition, the fault feature can be extracted combining with spectral kurtosis. Flow chart shown in Fig. 1 , the specific diagnostic steps are as follows:
1) The fault vibration signal is decomposed by using EEMD method.
2) The low-frequency IMFs from decomposition is analysed in the spectrum, to show rotor unbalance failure characteristics.
3) The signal with faulty bearing impulsive feature is obtained from the decomposed highfrequency IMFs. Kurtogram and the corresponding envelope is calculated by spectral kurtosis. The bearing fault characteristic frequency is extracted from the envelope spectrum.
4) The proposed method is compared with SK by analyzing two different results of envelope spectrum. The diagnosis results show the advantages of this method. 
Application to the fault diagnosis of rotating machinery
In this section, the proposed method is applied to the fault detection of multi-faults rotor bearing system. The rotor bearing system is the usual and key part for rotating machinery. The sketch and photograph of the rotor bearing system are shown in Fig. 2 . The unit is composed of a shaft, a motor, two plates, coupling and bearings. The rotating speed is 1200 r/min (20 Hz). Vibration signals were taken from the radial direction of the No.2 bearing by acceleration sensor. Depending on whether the rotor system has a bearing fault, the sampling frequency is set to 2560 Hz and 5120 Hz, respectively. a) b) Fig. 2 . The experiment setup of rotor bearing system Four different faults including the normal, unbalance, bearing inner ring failure and imbalance-bearing inner ring coupling failure are simulated in the experiment. The vibration signals of the four different running states were collected by an acceleration transducer fixed on the bearing box, which are illustrated in Fig. 3 . A series of fluctuant sine waveforms and some waveforms with pulse signals can be seen from Fig. 3 .
The Fourier transform spectrum of the four different signals are shown in Fig. 4 . The change of amplitude values and spectrum distribution can be seen with the four different signals.
Fault diagnosis of spectra kurtosis
Analysis only employing SK was undertaken on all data. The spectral kurtosis of normal signal and unbalance signal are shown in Fig. 5 . It is not useful to analysis data without impulsive feature. For the data with bearing fault, the spectra kurtosis method is also directly applied. Their plots and defaults of the center frequencies are shown in Fig. 6(a) and Fig. 7(a) . With the goal of analysing vibration signal of bearing fault, these frequencies were employed for envelop analysis in Fig. 6(b) and Fig. 7(b) . Results from enveloped analysis are shown that the frequencies feature of bearing fault can be partly explained using SK. 
Fault diagnosis of EEMD
In this section, the EEMD method was applied to the four different vibration signals of the tested bearing, which are shown in Fig. 3 . They are respectively decomposed with the ensemble number of 100 and the white noise amplitude of 0.1 time standard deviation. After performing EEMD method on the four different vibration signals IMFs are obtained, as shown in Fig. 8 . It could be seen that some local components of IMFs cover the most characteristic information. From Fig. 8(c) and Fig. 8(d) , it can be found easily that the decomposed components IMF2 indicate the impulsive feature with bearing fault. The rotational frequency of the unbalance can be located in the lower frequency area of IMFs, which are presented in Fig. 8 . We consider that the fault frequency value of the rotor unbalance is changed in the frequency spectrum. The frequency spectrum of the IMFs components with 20 Hz frequency are all performed and shown in Fig. 9 . In the frequency spectrum, there is a predominant component and corresponding frequency is 20 Hz. Obviously, the amplitude of the rotating frequency 20 Hz will change when the rotating machinery is unbalance. For better comparison, the values of frequency 20 Hz are presented in the Table 1 . Thus, the proposed method based on EEMD is able to effectively extract the unbalance features that are buried in the original vibration signal.
Fault diagnosis using the proposed method
The proposed algorithm is both applied to analyse the bearing inner race fault signal and compound faults signal (rotor unbalance fault and bearing inner race fault). The results of IMF2 in Fig. 8(c) and Fig. 8(d) are plotted in Fig. 10 and Fig. 11 . With the algorithm proposed above, the spectral kurtosis is separately calculated and illustrated in Fig. 10(a) and Fig. 11(a) . In the spectral kurtosis, higher SK values can be located. One of them is around 1900 Hz, and another can be found around 427 Hz. To provide the details of the bearing fault signal used above, the corresponding envelope spectrums of the filtered results of the bearing inner fault and the multi-faults are shown in the Fig. 10(b) and Fig. 11(b) , respectively. The bearing inner race fault signal band is [1280 Hz, 2500 Hz] in level 1. The multi-fault signal band is [0 Hz, 854 Hz] in level 1.5. In Fig. 10(b) and Fig. 11(b) , the bearing fault frequencies of the bearing inner race fault both can be located in the envelope spectrums. The prominent peaks can be easily found at 98.5 Hz, 197 Hz, 295.5 Hz and 395 Hz. They almost equal the theoretical results of bearing fault characteristic frequency and its harmonics.
The proposed method is also tested under the other two multi-faults as shown in Fig. 12 and Fig. 13 , to get the bearing outer ring fault frequencies and rolling element defect frequencies. The results also equal the bearing fault theoretical characteristic frequencies. So, from the above fault detection it can be concluded that the proposed algorithm is able to detect multi-fault being in the rotor unbalance fault and bearing faults. 
Conclusions
Spectral Kurtosis (SK) method is able to detect the bearing faults with impulsive signal. However, it is unable to fully reflect the fault characteristics in fault diagnosis of the multi-fault including imbalance and bearing faults. The ensemble empirical mode decomposition (EEMD) method provides a powerful tool for nonlinear signal analysis. It can decompose the complex signal into a number of intrinsic mode functions (IMFs). In this paper, we have proposed a new method on multi-fault signals, by means of EEMD and SK. The proposed method is applied to the diagnosis of the multi-fault in a rolling bearing and the unbalance of rotor system. The results show that the compound faults can be both detected by EEMD decomposing the raw signal, in which the imbalance signatures are buried in strong bearing fault frequency bands. Then SK is used for feature extraction of bearing inner ring fault, outer ring fault and rolling element fault from the modulated impulsive signal. The three envelope spectrums can finally indicate the presence of the bearing faults. This proves that the proposed algorithm is effective than only using SK algorithm.
